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Mechanical  properties  of  solid  oxide  fuel  cell  glass-ceramic  seal  material,  G18,  are  studied  at  high 
temperatures.  Samples  of  G18  are  aged  for  either  4  h  or  lOOh,  resulting  in  samples  with  different  crys¬ 
tallinity.  Reduced  modulus,  hardness,  and  time-dependent  behavior  are  measured  by  nanoindentation. 
The  nanoindentation  is  performed  at  room  temperature,  550,  650,  and  750  °C,  using  loading  rates  of 
5  mN  s_1  and  25  mN  s-1 .  Results  show  a  decrease  in  reduced  modulus  with  increasing  temperature,  with 
significant  decrease  above  the  glass  transition  temperature.  Hardness  generally  decreases  with  increas¬ 
ing  temperature,  with  a  slight  increase  before  Tg  for  the  4  h-aged  sample.  Dwell  tests  show  that  creep 
increases  with  increasing  temperature,  but  decrease  with  further  aging. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  shown  a  high  efficiency  as 
an  energy  conversion  device.  In  planar  SOFCs,  a  hermetic  seal  is 
required  to  separate  fuel  and  air  sides  of  the  electrodes.  This  seal 
must  be  able  to  withstand  the  thermal  cycling  experienced  by  the 
fuel  cell,  which  operates  at  approximately  800  °C.  Also,  it  is  impor¬ 
tant  that  the  joining  temperature  of  the  seal  is  above  the  operating 
temperature  of  the  fuel  cell  it  is  intended  for.  One  challenge  SOFC 
industry  is  facing  currently  is  sealing  technology,  which  is  usually 
broken  or  cracked  after  a  short  lifetime.  Glass-ceramic  materi¬ 
als  are  currently  used  as  a  candidate  for  SOFC  sealant  materials. 
Glass-ceramics  maintain  their  mechanical  properties  at  high  tem¬ 
peratures,  manufacturability,  and  low  cost.  The  seal  bonds  several 
components  in  the  cell  (e.g.  interconnect,  electrodes,  frames,  etc.), 
therefore  making  it  costly  to  replace.  Seal  materials  must  have  long 
life  spans  due  to  their  difficulty  to  repair  [1-5]. 

Furthermore,  a  SOFC  seal  must  not  display  significant  creep 
at  high  temperatures  to  maintain  the  stack  level  geometric  sta¬ 
bility.  By  understanding  the  creep  properties,  the  life  of  the  seal 
may  be  predicted  in  terms  of  creep  deformation.  In  the  case  of 
glass-ceramics,  thermal  and  mechanical  properties  can  be  tailored 
by  altering  the  degree  of  crystallinity.  In  this  study,  nanoindenta¬ 
tion  is  performed  on  G18,  a  glass-ceramic  seal  developed  by  Pacific 
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Northwest  National  Laboratory  [3-8]  to  determine  its  temperature- 
and  time-dependent  viscoplastic  properties.  Nanoindentation  has 
been  used  in  other  studies,  especially  for  polymers,  in  charac¬ 
terizing  creep  properties  [9-14].  The  mechanical  properties  and 
creep  behavior  have  previously  been  studied  by  nanoindenta¬ 
tion  at  lower  temperatures  [15].  Also,  the  elastic  modulus  and 
creep  behavior  have  been  studied  using  dynamic  resonance  and 
relaxation  tests,  respectively  [8].  Because  G18  is  a  glass-ceramic 
designed  for  high  temperature  operation,  it  displays  similar 
viscoplastic  characteristics  as  polymers  at  high  temperatures.  High- 
temperature  nanoindentation  is  used  to  establish  relationships 
between  mechanical  properties  and  microstructure  for  the  SOFC 
seal  material.  With  better  mechanical  property-microstructure 
relationships,  development  of  glass-ceramic  seals  could  be  more 
rapid  and  progressive.  This  is  because  altering  the  amount  of 
crystallinity  can  easily  change  the  mechanical  properties.  Nanoin¬ 
dentation  of  samples  with  different  levels  of  crystallinity  can  show 
the  effects  of  crystalline  volume  fraction. 

G18  is  a  multi-phase  glass-ceramic,  which  has  an  initial  crys¬ 
tallinity  after  sintering  and  4h  of  aging  at  750  °C  is  approximately 
54%.  The  main  crystalline  phase  is  barium  silicate.  There  are  also 
small  amounts  of  hexacelsian  and  barium  orthosilicate  after  initial 
sintering  and  heat  treatment.  Initially  the  crystalline  phases  appear 
as  needles,  but  after  several  hours  of  aging,  phase  boundaries  blur. 
Beyond  lOOh  of  aging,  the  hexacelsian  and  barium  orthosilicate 
begin  to  disappear  at  the  expense  of  developing  monoclinic  cel- 
sian.  Crystallinity  increases  with  aging  and  plateaus  at  72%,  while 
barium  silicate  remains  the  primary  crystalline  phase.  Micrographs 
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Fig.  1.  SEM  micrograph  of  G1 8  sintered  at  800  °C  and  aged  for  4  h. 


of  G1 8  aged  4  h  and  1 000  h  are  shown  in  Figs.  1  and  2,  respectively. 
The  brightest  phase  is  the  barium  silicate  phase.  Darker  grey  nee¬ 
dles  observed  in  Fig.  1  are  hexacelsian  needles.  The  darkest  phase 
is  pores.  It  can  be  seen  that  the  G1 8  aged  for  1 000  h  is  more  porous 
and  has  a  higher  crystallinity  than  the  G18  aged  for  4h. 

In  this  study,  nanoindentation  is  performed  to  measure  the  elas¬ 
tic  modulus,  hardness,  and  creep  of  G18.  The  tests  are  performed 
at  25,  550,  650,  and  750  °C,  using  a  c-BN,  cubic  boron  nitride,  tip. 
The  glass  transition  temperature  (Tg)  for  G18  is  620  °C.  During 
nanocreep  testing,  the  indenter  is  held  at  the  maximum  load  for 
a  certain  period  of  time.  This  results  in  material  creep  following 
indentation,  which  is  dependent  on  the  load  and  holding  time.  The 
nanocreep  tests  help  in  understanding  the  creep  behavior  of  G18. 

Creep  measurements  will  enable  us  to  better  understand  the 
long-term  effects  of  pressure  on  the  seal  at  high  temperatures.  Non¬ 
linear  crystal  viscoplasticity  models  will  later  be  employed  in  order 
to  predict  long-term  time-dependent  behavior  [2,6,16,17].  In  this 
paper,  we  report  the  creep  experiments  and  the  data  measured  for 
G18. 

2.  Procedure 

2.1.  Materials  and  processing 

Glass-ceramic  G1 8  disks  were  pressed  and  sintered  at  850  °C  for 
1  h.  The  samples  were  then  aged  at  750  °C  for  4  h.  A  second  sample 
of  G18  was  aged  further  for  an  additional  lOOh  at  800  °C.  Longer 
aging  results  in  higher  crystallization  of  the  sample.  After  aging  for 
100  h,  crystallinity  approaches  saturation,  and  the  samples  will  not 
age  further  during  operation.  The  purpose  of  using  sample  aged 
for  different  times  is  to  study  the  influence  of  crystallinity  in  the 
properties  of  the  seal  material.  The  samples  were  ground  and  pol- 


Fig.  2.  SEM  micrograph  of  G18  sintered  at  800  °C  and  aged  for  lOOOh. 
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Fig.  3.  Load-displacement  curve  of  nanoindentation  showing  loading,  load  holding, 
and  unloading. 

ished  for  nanoindentation.  Minimal  sample  damage  occurs  during 
grinding  and  polishing.  Any  damage  would  be  revealed  by  steps  in 
the  loading  portion  of  the  indentation  curve  or  a  change  in  surface 
depth. 

2.2.  Nanoindentation  background 

The  modulus  and  hardness  are  calculated  using  the  Oliver-Pharr 
method  [18,19]  from  the  load-displacement  curves.  A  typical 
indentation  curve  is  shown  in  Fig.  3,  where  from  A  to  B  is  the  load¬ 
ing  portion  of  the  curve,  B  to  C  shows  a  constant  hold  for  the  load, 
and  C  to  D  displays  unloading.  The  elastic  modulus  and  hardness 
are  calculated  using  the  unloading  portion  of  the  curve. 

Several  indentation  parameters  are  needed  to  calculate  the 
modulus  and  hardness  using  the  Oliver-Pharr  method.  The  inden¬ 
tation  curve,  seen  in  Fig.  4  can  be  described  by  the  Oliver-Pharr 
method  as  [18]: 

p  =A(h  -  hf)m  (1) 

where  P  is  load.  A  and  m  are  material  constants.  Depth  of  the  inden¬ 
tation,  h,  is  acquired  from  the  indentation,  where  hc  is  the  contact 
depth,  hs  is  the  displacement  at  the  perimeter  of  the  indent.  Total 
depth  is  defined  by: 

h  =  hc  +  hs  (2) 

Pmax  represents  the  maximum  load,  which  corresponds  to  the 
depth  hmax.  At  this  point,  the  stiffness  is  the  initial  unloading  stiff¬ 
ness,  Smax-  These  parameters  are  shown  in  Fig.  4. 

The  area  of  contact  is  calculated  as  a  function  of  the  contact 
depth,  shown  below  for  a  Berkovich  indenter  tip  [18]: 

Ac  =  3^/3*?  tan2  65.3  =  24.5h2  (3) 


Fig.  4.  Representation  of  load-displacement  curve  showing  analysis  parameters. 
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The  stiffness  is  calculated  according  to  the  load,  depth,  contact  area, 
and  reduced  modulus  by  the  following  relation  [18]: 


S 


dp 

dh 


=  2  Er 


Vtt 


The  reduced  modulus  is  given  by  [18]: 


(4) 


1  1  -v]  1  -  V* 

—  =  - -  H - - 

Er  Ei  ^  Es 


(5) 


where  v  is  the  Poisson’s  ratio,  E  is  the  elastic  modulus,  and  i  and  s 
represent  the  indenter  tip  and  specimen.  In  the  following  results, 
the  indenter  tip  is  assumed  rigid,  and  the  reduced  modulus  is  taken 
to  be  the  elastic  modulus.  Also,  hardness  was  calculated,  with  the 
contact  depth  calculated  at  h  =  hmax,  using  the  relationship  [18]: 


Rmax 

24.5^ 


(6) 


Fig.  6.  Hardness  of  both  samples  with  loading  rate  25  mN  s-1  with  maximum  load 
120  mN. 


2.3.  Nanoindentation  parameters 

Samples  were  mounted  to  a  high-temperature  stage.  Two  sets 
of  measurements  were  taken  at  25,  550,  650,  and  750  °C.  The  first 
set  had  a  maximum  load  of  50,  with  a  5  mN  s-1  loading  rate;  the 
second  set  had  a  maximum  load  of  120  mN  with  a  25  mN  s-1  load¬ 
ing  rate.  Higher  loading  rates  are  more  likely  to  cause  viscoelastic 
deformation  during  the  loading  segment  [2].  For  each  set  of  param¬ 
eters,  5-10  indents  were  taken,  spaced  30  pan  apart.  The  reduced 
modulus  and  hardness  were  measured  from  the  unloading  curves. 
Creep  measurements  were  taken  using  dwell  periods  of  120  s,  held 
at  maximum  load.  A  c-BN  indenter  was  used  for  all  measurements. 
The  results  are  considered  to  be  global  results,  and  not  phase  spe¬ 
cific.  This  is  due  to  the  fact  that  the  crystalline  needles,  generally 
having  a  width  and  length  of  3  and  7  pm,  are  smaller  than  the 
approximate  10  pan  indentation  diameter.  The  nanoindentation 
was  performed  using  a  NanoTest  platform  from  Micro  Materials, 
Ltd.,  UK. 

3.  Results  and  discussion 

3.1.  Reduced  modulus  and  hardness 

The  reduced  modulus  and  hardness  were  measured  by  the 
unloading  indentation  curve.  The  results  for  loading  rates  5  and 
25  mN  s-1  can  be  seen  in  Figs.  5-8.  Results  show  that  the  material 
is  strain  rate  sensitive  at  high  temperatures,  which  is  consistent 


Fig.  7.  Reduced  modulus  of  both  samples  with  loading  rate  5  mN  s-1  and  maximum 
load  50  mN. 

with  viscoplastic  materials.  The  hardness  and  reduced  modulus  is 
higher  at  the  lower  loading  rate. 

At  room  temperature,  the  4  h-aged  sample  has  a  higher  mod¬ 
ulus  than  the  lOOh  aged  sample.  This  is  consistent  with  findings 
from  dynamic  resonance  results  on  4  h-aged  and  1000  h-aged  G18 
by  Stephens  et  al.  [8].  The  dynamic  resonance  results  for  the 
1000  h-aged  sample  do  not  display  decreasing  elastic  modulus  and 
hardness,  where  the  nanoindentation  results  show  that  the  elastic 
modulus  and  hardness  for  the  100  h-aged  sample  decreases  with 


Fig.  5.  Hardness  of  both  samples  with  loading  rate  5mNs_1  with  maximum  load  Fig.  8.  Reduced  modulus  of  both  samples  with  loading  rate  25  mNs-1  and  maximum 
50  mN.  load  120  mN. 
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Fig.  9.  Creep  data  for  G18  aged  for  4  h  at  maximum  load  120  mN. 


- 4h  RT  50mN 

4h  550  50mN 

- 4h  650  50mN 

- 4h  750  50mN 


increasing  temperature.  This  may  be  due  to  a  lower  amount  of 
crystallinity  in  the  1 00  h-aged  sample,  in  comparison  to  the  1 000  h- 
aged  sample  tested  in  the  dynamic  resonance  tests.  The  sample 
aged  for  1 00  h  shows  a  slight  increase  in  hardness  up  to  550  °C.  The 
sample  aged  for  4  h  is  significantly  harder  than  G1 8  at  room  temper¬ 
ature,  but  decreases  by  half  at  550  °C.  This  may  be  due  to  the  higher 
amount  of  glassy  phase  in  the  lesser-aged  sample.  The  low  mod¬ 
ulus  for  the  G18  100  h-aged  sample  at  room  temperature  is  most 
likely  due  to  cracking  during  cooling.  As  discussed  earlier,  further 
aged  samples  contain  micro-voids  in  the  glass  phase,  surrounding 
the  crystalline  phase.  The  micro-voids,  combined  with  the  brittle 
nature  of  the  glass-ceramic  at  low  temperature,  may  cause  crack¬ 
ing  when  the  material  is  cooled  below  Tg,  619°C.  Above  500  °C, 
results  have  shown  an  increase  in  modulus  for  the  1 00  h-aged  sam¬ 
ple,  which  is  most  likely  due  to  self-healing  of  the  material.  The 
hardness  of  both  samples  drop  rapidly  above  Tg  and  become  more 
similar  at  750  °C.  Very  similar  values  are  obtained  at  both  loading 
rates. 

The  100  h-aged  sample  displays  a  small  increase  in  reduced 
modulus  up  to  550  °C,  while  the  4  h-aged  sample  shows  a  drop  of 
about  30%  when  measured  at  50  mN  and  about  50%  when  measured 
at  120  mN.  When  measured  at  50  mN,  both  samples  show  a  similar 
decrease  in  modulus  above  550  °C.  When  measured  at  1 20  mN,  both 
samples  show  a  near  linear  reduction  in  modulus  with  increasing 
temperature.  When  measured  at  120  mN  the  decrease  rate  in  mod¬ 
ulus  is  faster  for  4h  G18.  This  is  again  probably  due  to  the  lower 
crystallinity  of  the  4  h-aged  sample.  The  large  difference  between 
the  50  mN  and  1 20  mN  measurements  is  most  likely  due  to  cracking 
under  the  higher  load. 

3.2.  Creep 

Dwell  periods  of  120  s  were  performed  at  the  maximum  load  of 
each  indentation  test.  Typical  to  indentation  creep  tests,  the  results 
are  shown  as  a  function  of  change  in  depth,  rather  than  strain. 
Creep  results  from  the  120mN  maximum  load  tests  are  shown  in 
Figs.  9  and  10,  and  results  from  the  50  mN  maximum  load  tests  are 
shown  in  Figs.  11  and  12.  Results  from  the  50  mN  maximum  load 
tests  displayed  very  similar  results. 


- 100h  120  mN  RT 

lOOh  120  mN  550°C 

- lOOh  120  mN  650°C 

- lOOh  120  mN  750°C 


Fig.  10.  Creep  data  for  G18  aged  for  100  h  at  maximum  load  120  mN. 


Time  /  seconds 

Fig.  11.  Creep  data  for  G18  aged  for  4  h  at  maximum  load  50  mN. 


Fig.  12.  Creep  data  for  G18  aged  for  lOOh  at  maximum  load  50 mN. 


The  data  shows  that  creep  become  greater  with  increasing 
temperature  and  load.  This  is  consistent  with  earlier  findings  by 
Stephens  et  al.,  using  stress  relaxation  and  short-term  compres¬ 
sion  creep  tests  [8].  Above  Tg,  creep  is  significant.  The  4 h-aged 
sample  displays  more  creep  than  the  100  h  aged  sample.  This  was 
also  expected,  since  the  lOOh  aged  sample  has  a  higher  crys¬ 
tallinity  than  the  4  h-aged  sample.  The  crystalline  phases,  due  to 
their  higher  Tg,  are  most  likely  impeding  flow  of  the  glassy  phase. 
Creep  is  consistent  with  earlier  tests,  showing  the  secondary  creep, 
or  steady-state,  begins  after  a  very  short  period  of  time,  less  than  a 
minute  [15].  Secondary  creep  occurs  after  primary  creep,  the  rapid 
increase  in  strain  after  the  load  is  applied.  Secondary  creep  can  be 
described  as  the  constant  deformation  over  time,  which  is  due  to 
work  hardening. 

4.  Conclusions 

The  temperature  dependent  elastic  modulus,  hardness,  and 
creep  behavior  of  SOFC  sealant  ceramic-glass  G18  with  different 
crystallinity  were  studied  under  two  different  loading  rates.  The 
hardness  of  the  4  h-aged  sample  increased  at  550  °C,  then  decreased 
with  increasing  temperature.  The  hardness  of  the  100  h  aged  sam¬ 
ple  decreased  with  increasing  temperature.  The  reduced  modulus 
of  both  samples  decreased  with  increasing  temperature,  with  a  sig¬ 
nificant  decrease  above  Tg.  The  discrepancies  between  the  50  mN 
and  120mN  maximum  load  data  are  most  likely  due  to  cracking 
that  may  have  occurred  under  120mN.  Dwell  tests  show  that  sec¬ 
ondary  creep  begins  after  less  than  a  minute.  Creep  increases  as 
temperature  increases,  with  large  effects  above  Tg.  Creep  is  also 
more  significant  when  a  large  load  is  applied.  Also,  the  1 00  h  aged 
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sample  experienced  less  strain  than  the  4h-aged  sample,  which  is 
most  likely  due  to  the  higher  crystallinity  in  the  sample. 
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